Abstract: This paper presents the description, analysis and control of an LLC resonant inverter suitable for induction heating applications. The output power of the proposed inverter has to be controlled by adjusting the duty cycle of the switches using a power loop circuit based on fractional order PI λ controller. A phased locked loop (PLL) is used as frequency tracking control circuit. The complete closed loop control model is obtained using small signal analysis. The validity of the proposed control is verified by simulation results. Results of this simulation are compared to those obtained by using a PI controller. They show that the improved PI λ controller exhibits a much better behaviour.
Introduction
Nowadays, resonant topologies are used in a number of industrial applications, including power supplies for induction heating systems. LLC is being a more popular topology because it has the desirable characteristics of the series and parallel ones [1] - [5] .
In control practice, fractional order PI λ controllers have been successfully applied to a wide variety of engineering problems [6] - [13] , including DC-DC converters [14] .
Several research works on control theory reveal that the design of the PI λ controller is not easy when the system is difficult to model due to complexity, non linearity, or when the resource of information are inexact. LLC resonant inverters fall into this category because they have a time varying structure and contain elements that are non linear.
In this paper, we propose an effective control system for LLC resonant inverter which uses variable frequency and variable duty cycle. The output power of the proposed inverter has to be controlled by adjusting the duty cycle of the switches using power loop circuit based on fractional order PIλ controller. A PLL is used as frequency tracking control. In this case, a stability and small signal dynamic performance can be assessed using linear control techniques and the small signal model of the LLC resonant inverter.
The organization of this paper is as follows: the proposed inverter circuit configuration and the detailed control system architecture are given in Sections II and III. Closed loop system design and parameter tuning of the proposed PI λ controller are presented in Sections IV. Conclusion is given in Section V.
Circuit Description
A number of induction-heating resonant inverters have been reported in literature. However, they all employ the basic conversion process of AC-DC rectification of the phase source and followed by a single phase higher frequency stage. Figure 1 show the proposed configuration used in this work: The transistors S1 and S4 conduct alternately to S2 and S3 with a duty of 50%. The induction heating load constitutes a 50 CrV4 carbon steel billet placed inside a N1-turns cooper coil at specific air gap.
The induction heating load can be modelled by means of a series combination of its equivalent resistance and equivalent inductance [15] - [16] .
Proposed Control System
Figure 2 describes detailed complete closed loop system architecture. The output power of the resonant inverter has to controlled by adjusting the duty cycle of the IGBT using power loop circuit based on simple integrator I controller or PI controller [17] - [18] . A PLL is used as frequency tracking control circuit.
In this paper, we propose an effective power loop circuit based on fractional order PI λ controller. Figure 3 shows the simplified form of the complete closed loop configuration given is previous section: 
Closed Loop System Design

a. Open Loop Small Signal Circuit
Under the assumptions given in [19] , the circuit of Figure 1 with the proposed control can be reduced to simplified form of Figure 4 : Kirchhoff's voltage law is applied to the circuit in Figure 6 to give:
The state space variables are defined as the inductor currents and capacitor voltage:
The input variables are implicitly included in input voltage
And the output variable is the output power: There have been several approaches reported in literature to get small signal modelling. In this paper, the small signal circuit of the LLC resonant inverter is obtained using the EDF technique [20]- [23] . In this approach, the nonlinear model given in (1) Figure 5 is derived by perturbation and linearization of large signal model around the operating point where:
The system parameters are: 
There is a certain deviation between the theoretical small signal circuit model and measure circuit results. The reason is that only the fundamental component is considered in the modeling approach.
Using the small signal circuit we can get the bloc diagram of the system to be controlled, as shown in Figure 8 where: Notice that all the real parts of the poles are negatives, thus, the system is found stable.
The bode plot of the open loop transfer function is shown in Figure 9 :
The phase margin is positive and equal to 145.62°.
b. Conventional PI controller
The ideal transfer function of PI controller has the following form (6): ) . In this work, we adopted the minimization of the integral square error ISE, which is defined as: 
c. Fractional order PI λ controller
The second controller we investigated is the fractional order PI λ controller with the transfer function given by (9): ) .
Three parameters can be tuned in this structure pF K , iF T and  that is an additional parameter.
There are several approaches that been used to implement fractional order controller. In this application, the fractional order integral has been implemented by using Oustaloup's frequency approximation method described in [24] .
Over the years, many formulas for optimum design of the controllers have published. One common approach is to minimize a general performance index given by (10) 
For getting good dynamic performance and avoiding large control effort, we introduce the control activity criterion u J defined as:
The procedure to determine the PI λ controller parameters are summarized in the following: 
Comparison and Discussion
In this section, we evaluate, through computer simulation performed in MATLAB/SIMULINK, the ability of the Step response of the non linear model with PI and PI λ Some performance characteristics for the feedback control systems with the two proposed controllers are summarized in Table I : ).
Another interesting result is that the LLC resonant inverter does not consume more current in the fractional case. Step response of the closed loop system using conventional PI Step response of the closed loop system using PI controller It is important to note that the PI λ control system gives the better overall response compared to the PI controller.
Conclusion
The design and implementation of PI λ controller for the closed loop power regulation of LLC resonant inverter is discussed in this paper. The effectiveness of the proposed controller as compared with PI is verified by simulation studies. It is proved that the PI λ has the ability to regulate the output power against load disturbances faster than the PI thereby reducing the settling time and the overshoot. The proposed PI λ controller can be effectively implemented for other inverter topologies or complex structured nonlinear systems controlled using DSP processor or FPGA.
